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FOREWORD
This final report is submitted in accordance with the Contract
NAS3-20376, "High Power Phase Locked Oscillators." It relates the results
of an experimental program to investigate the feasibility of generating
large output powers by the coherent combination of a number of moderate
power laser oscillators. This technique is the basis of a ground-based
high energy system coupled to an adaptive antenna for delivery of power
to low earth orbit satellites.
This report is submitted by the Electronics Operations of Rockwell
International, through the Electronics Research Center, Lasers and Advanced
Radiation Systems Group, to the National Aeronautics and Space Administration,
Lewis Research Center, Cleveland, Ohio. Dr. C. L. Hayes was the Program
Manager and Mr. C. L. Telk was the Principal InVestigator. The NASAProject
Monitor was Dr. R. M. Stubbs. Mr. R. Lancashire and Mr. Gene Pleban of
NASA-Lewiswere responsible for operation of the high power laser system.
Significant contributions to the technical effort were made by the
following Rockwell personnel:
W. C. Davis
S. R. Dawson
C. L. Hayes
J. SooHoo
C. L. Telk
J. N. Yamamoto
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I. INTRODUCTIONANDSUMMARY
For several years Rockwell International has been developing a new and
unique laser control technique. This new method uses automatic servo control
of laser resonator parameters to achieve stabilization and control of the
absolute temporal phase of the output of individual laser oscillators. With
this approach, high power systems are possible by coherently combining the
outputs of a number of lower power devices. This concept has been previously
demonstrated experimentally and put on a sound theoretical foundation on the
basis of the following:
• Lock of the absolute phase of a pair of 5-watt low pressure
CO2 lasersto a precisionof < 1° rms.
• Loss freecombinationof the outputsof multiplelockedCO2
laser oscillators.
• Phase lock of multiplehigh pressureCO2 waveguideoscillators
operatingat equallyspacedfrequenciesto producea pulse
train outputfrom CW laser oscillators.
• Assemblyof multiplephase lockedCO2 laseroscillatorsinto
an adaptivearray.
In parallelwith this effort,studieshave been conductedto assess
the significanttechnicalproblemsinvolvedin transmittingsubstantial
quantities(up to 5 MW) of laserpower to a satellitein low altitudecircular
orbit. This work was performedunder ContractNo. NAS3-18937,sponsoredby
the NASA Lewis ResearchCenter (FinalReportNASA CR-134952). That effort
was directedtowarda detailedassessmentof atmosphericeffects,and estab-
lishedthe adaptiveopticssystemparametersnecessaryto achieveefficient
power transferin the presenceof atmosphericturbulence,thermalblooming,
and other perturbationsto the opticalsystem. A numberof conceptual
opticalsystemsto performthe requiredenergytransferwere evaluatedon
the basis of efficiency,reliability,size and weight,advancedtechnology
requirements,and potentialcost. The phase lockedarray of lasersshowed
very substantialadvantagesin four of these five evaluationcriteria,and
only a slightdisadvantagein the fifth. Perhapssurprisingly,one of the
primaryadvantagesturnedout to be substantialreductionsin the size, cost,
and weight of the beam pointingsystemthat resultedfrom the use of individual
pointingsystemsin a hexagonalclose packedarray,as opposedto a single
(Mt.Palomarclass)pointingsystemfor a singlelaser beam. These results
providedthe motivationfor extendingphaselock controltechniquesinto the
high power region.
Over the last severalyears, researchworkersat NASA Lewis have developed
a very carefullyengineeredand instrumentedtransverseflow, transverse
discharge,CO2 laser facility(Figurel). Becauseof its uniqueoperating
characteristicsand specificgain regiondimensions,this laser is ideally
configuredfor experimentsin high power laserphase locking. The configura-
tion is such that five individualunstableresonatorcavitiescould be arranged
in the existinggain regionwith a minimumof requiredhardwarechanges
(Figure2). The vibrationenvironmentis quite reasonable,in contrastto
the _ 120 db noise levelwhich must be dealtwith in many highenergy laser
sources. This programwas directedtowardobtainingspecificdesigndata
on this high power laser facilityand answeringcertainkey feasibility
questionswith respectto highenergy laserphase lockingwith unstable
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resonatorcavities. Thus, this programrepresentsa firststep towarda
very importanttechnologicaldevelopment- the capabilityto phase lock
multiplehigh energylaser sourcesand assemblethem intoadaptivearrays.
The effort,as performed,was dividedinto five technicaltasks. The
first consistedof computermodelingof the phasedistributionsensitivity
for unstableresonatorconfigurationchanges;the secondwas an experimental
demonstrationof phase lockingwith low power unstableresonators;the
thirdwas measurementsof the frequencystabilityof the NASA laser;the
fourthwas the designand fabricationof the cavitylengthcontrolmirror
for phase lockingan unstableresonator;and the fifth task involvedexperi-
ments conductedto demonstratethe potentialof the phase lockingprocess
when appliedto the high energylaser. Each task is reportedindividually
in SectionII throughVI, respectively.
At the onset of this program,therewas very littledata availableon
the frequencystabilityof unstablelaser resonators. In addition,because
of the largersizeend mirrorsand the extremeangularalignmentsensitivity
associatedwith unstableresonators,it was not apparentthat the methodology
used in phase lockingstableconfigurationlaserswas acceptable. The
measurementsmade in Task II, however,clearlyindicatedthat therewere no
extraordinaryfrequencyinstabilitiesassociatedwith unstableresonators
for eithera flowingor nonflowinggainmedium,at least not for the low
pressuresused. The resultsobtainedalso indicatedthatwhile the angular
alignmentsensitivityof the resonatorwas a problem,we could achievea
good phase lock to a referencelaser using controltechniquesvery similar
to thoseappliedto stablelaser configurations.
For the most part, experimentalobservationswith fast-flowhigh power
CO2 lasershave been characterizedby complexoutputwavefrontsproducedby
temporaland spatialchangesin the gain mediumof the laser. When the
Task Illmeasurementsstarted,it was fearedthat conditionssuch as these
would producenot only rapid changesin the transitionline the NASA laser
was runningon, but also largefrequencychangesin the outputwhen the laser
was operatingin a single line. The resultsof the frequencystability
measurementsmade with the NASA laser have shown that the initialconcern
was unwarranted.The data collectedindicatedthatwhen the resonatoroptics
were properlyaligned,the laser operatedon only the P(20) transition. In
addition,it was found thatwhile the total bandwidthof the outputfrequency
instabilitywas about a factorof lO greaterthan had been measured
with the low pressureunstableresonator,it was not so great that a
differentmethodologyof phase lockingwould have to be considered. As part
of Task III,subsequentinterferometricmeasurementswere made to determine
the cause of the observedfrequencyinstabilities.These resultsclearly
indicatedthat, exceptfor some thermalwedging,which was nearlyconstantwith
input power,the laser gainmediumexhibitedno index changesthat would
resultin frequencyvariationsof the resonatoroutput. In fact, it was
learnedthatacousticvibrationstransmittedthroughthe floor from three
differentsourcescould accountfor the frequencyinstabilitiesobserved.
Fortunately,it is possibleto removetwo of the sourcesduringlaseroperation
and it may be furtherpossibleto reduceto insignificancethe effectsof
the third vibrationsourceby some straightforwardmechanicaltechniques.
Based on the LeRC lasercavitydimensionsand the resultsof the preceding
frequencyinstabilitymeasurements,modificationof the resonatormirrors
were made to provide cavity length control for adjusting the laser frequency
as part of a servo system. Design goals were established as 0.5 micrometers
of piston motion at rates up to 500 Hz and a dynamic range of 5.0 micrometers
at rates up to 5 Hz. A power density of I000 watts/cm 2 was assumedwhich
required water cooling of the copper assembly. Complete design details
are presented in Section V.
Finally, as described in Section VI, tests were conducted at the NASA
Lewis facility to ascertain the limits of system/component performance.
Both single channel and two-channel operational tests were performed. Phase
locked operation was achieved initially by controlling the cavity of a low
power laser with respect to the NASAlaser. Analysis of the control signals
indicated several "noise" sources exceeded the originally observed frequency/
bandwidth criteria. Changeswere made to reduce the "noise" and tests con-
ducted with control signals being applied to the high energy cavity. Phase
lock operation was established by a combination of signals; low frequency/
wide dynamic range was compensated by the water-cooled mirror and high fre-
quency response furnished by the low power reference laser control circuitry.
In summary, the research effort performed was designed to determine
the potential for phase locking multiple cavities of a laser system for the
purpose of generating a large power output for use in an adaptive-array
transmitter. Results of these tests indicate the feasibility and practi-
cality of such an approach have been established. Several areas, however,
require further development and investigation. Foremost is the requirement
for a control mirror assembly with a greater deformation bandwidth product.
With a parallel reduction in perturbing sources of frequency instability,
high power array outputs can be demonstrated.
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II. UNSTABLERESONATORMODELING
A. Introduction
As the basis for subsequent design and experimental tasks, an analysis
of the NASAcavity configuration to be used in the phase lock experiment
was the initial thrust of this program. Its purpose was to provide a means
of estimating the laser output parameters in terms of phase (frequency) and
power quantities. For reference purposes, the cavity mode structure in the
absence of any perturbations was calculated. Small tilt and focus errors
were then introduced on the otherwise ideal characteristics of the mode
structure. Phase errors of this kind are usually present in real HEL
cavities, as a result of cavity misalignment, gain-medium inhomogeneities,
etc. Although phase errors of orders higher than tilt and focus could exist,
their effects are usually much less dominating than that of the latter and
therefore were not considered. The numerical results to be presented were
obtained using the fast Fourier transform method, the formulation of which
is discussed elsewhere. 1
B. Numerical Results
The circular, unstable, positive branch-confocal cavity of the NASA
laser device is depicted in Figure 3. The scraper mirror, which directs
the output beam, is properly placed so that the effective diameter of
mirror 1 is about 3.2 cm. Other relevant configuration parameter values
are included in Figure 3.
l. Modestructure of Passive Cavity
The results of Figure 4 through 6 are for the passive cavity case,
where there are no cavity perturbations present. Figure 4 and 5 are, respec-
I. J. SooHooand G. E. Mevers, "Cavity ModeAnalysis Using the Fourier
Transform Method," Proc. IEEE, Vol. 62, No. 12, December 1974.
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tively,the internalintensityand phase distributionsalong a direction
perpendicularto the cavityaxis in the plane of mirror l, when the
scraperis removed. Unlikestable cavities,for which the dominantmode
is Gaussianin amplitudeand nearlyconstantin phase, the dominant
mode of a typicalunstablecavity has many fine structures(especially
for large Fresnelnumbercavities). Since the field amplitudeand phase
distributionsin the outputannulusare not uniform,correspondingto
the regionsoutsidethe dashed linesof Figures 4and 5, the far-field
pattern(Figure6) is differentfrom that of a uniformannulusof the
same dimensions. For the far-fieldpatternof Figure 6, the lobe size
is about 0.275 milliradians,which is about 1.13 h/do. The far-field
phase distribution(not shown) is found to be approximatelyuniform
within the individuallobes,and the phase differencebetweenadjacent
lobes is about 7, somewhatsimilarto that of a uniformannulusaperture
distribution. The relativepower within each ring structureis given in
Table l, with the centralring designatedas ring O. For heterodyne
detection,it appearsthat optimumpower can be achievedusing a detector
size of about 0.55 mr, just large enough to cover ring I. This is so
becausethe phase differenceis about _ betweenadjacentrings.
2. Effectsof Focus and Tilt Errors
Figures7 through9 show the mode structurewhen the cavity length
is decreasedfrom 2.25 m to 2.09 m. That is, the focus of the large mirror
is displaced16 cm away from the confocalposition,resultingin a focus
error of about 1.5% (i.e.,ratio of displacementto focal length). As can
be seen from the figures,the effectsof this focus error value on the mode
structureare relativelysmall.
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UFigure 7. Near Field Intensity Distribution (with 1.5_ Focus Error)
in the Plane of Mirror 1 WhenScraper Mirror is Removed
(d = hole diameter of scraper mirror, d = beamdiameter
at mirror 2). o
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Figure 8. Near Field Phase Distribution (with 1.5% Focus Error)
in the Plane of Mirror 1 WhenScraper Mirror is Removed
(d = hole diameter of scraper mirror)
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Table 1
Percentage of Total Power in Each Ring
Ring % of Power
0 1.6
1 II .8
2 16.4
3 17.6
4 16.4
5 14.3
6 10.5
7 6.2
8 2.9
9 2.1
The effects of both tilt and focus errors are shown in Figures
I0 through 12. Here the large mirror is tilted by an angle equal to
_/4d o, with the focus error remaining at 1.5% as before. As can be seen
from Figures I0 and II, the tilt effect on the near field structure is
rather significant. In particular, the output beamis tilted, which is
indicative of the phase distribution shown in Figure II. Because of the
combined effects, the far-field pattern is shifted from the center of view,
in addition to being defocused.
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I Figure 10. Near Field IntensityDistribution(FocusError _ 1.5%;
Tilt Angleof Large.Mirror= _/4do) _J
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C. ConcludingRemarks
It appearsthat, for this typeof cavity,both the field amplitude
and phase of the outputportionvaryapproximatelylinearlyacrossthe
width of the outputannularaperture. Consequently,the corresponding
far-fieldpatternis deviatedfrom thatof a uniformannularaperture.
For the tilt and focuserror valuesconsidered,the effectson the far-
fieldpatternare noticeable,but not serious. The resultssuggest
that cavity-lengthperturbation,as requiredfor phase locking,shouldhave
no adverseeffecton the mode structure,providedthat angularalignment
propertiesare maintained.
22
III. LOWPOWERUNSTABLERESONATOR
PHASELOCKINGEXPERIMENTS
A. Unstable Resonator Design
Based upon the results of the modeling, as described in the previous
section, two unstable resonator lasers were designed and fabricated for
use in low power phase lock experiments. The design had some unique features,
in that it permitted both sealed off and flowing gas modes of operation. The
rationale for this approach was the unknown effect of a flowing gas system
upon the frequency stability of the system. This was quickly shown to be a
very conservative approach as the initial tests indicated no deleterious
effects were present. Consequently, sealed off phase locking tests were not
conducted.
One of the two unstable resonator lasers is shown in Figure 13. The laser
tube assembly consists of a 34 mmID pyrex tube with a coaxial cooling jacket.
The active plasma is approximately 120 cm long, terminated by a cylindrical
copper cathode and a platinum anode offset perpendicular to the tube axis.
Figures 14 and 15 show some closeup detai! of the cathode/anode configuration,
ZnSe Brewster windows, the piezoelectric cavity length tuning assembly, and
the scraper mirror installation.
Since our test program was directed towards phase lock operation of the
unstable resonator with an appropriate reference, minimization of frequency
excursions were carefully considered. As shown in Figure 13, the cavity
mirrors are mounted on four (4) Invar rods for longitudinal stability. Each
Invar rod is supported by seven (7) crossmembers with unequal spacings be-
tween the uprights to reduce the possibility of low-frequency mechanical
resonances. In addition, each rod is isolated from the frame by an acoustic
absorber to dampout induced vibrations.
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Fi ure 13. Unstable Resonator for Low Pressure Phase Lock Tests
For adjustmentof cavitylengthas part of the phase lock control,the
piezo-drivenmirror (concave)of Figure14 was implemented.The three PZT
stackslocatedsyn_netricallyaroundthe centerof the mirrorwere used to
providethe necessarylengthcontrol,as well as a "fine"adjustmentfor
angularalignment. Interferometertests priorto assemblywithin the
resonator,showedno appreciableangularmisalignmentover the ± 5 _m
movementrequired.
In thisconfiguration,power is coupledout of the unstableresonator
by the "scraper" mirrorshown in Figure15. This arrangementis more
practical,experimentally,thanextractionof poweraroundthe smaller
resonatormirror. As shown,the reflectingsurfaceis flat and is mounted
at 45° to the tube axiswith a carefullymachinedhole coaxialwith the
resonatoraxis. The diameterof the holeand the distanceto the convex
resonatormirroreffectivelydeterminethe Fresnelnumberof the system.
Thus, severalmirrorsof varyingcurvaturewere fabricatedto investigate
operationas a functionof this parameter.
Basic alignmentof the cavitywas achievedby mountingthe resonator
mirrorson adjustablemountswith a triadof differentialscrewmicrometers.
With the adjustingmechanismunderconstantcompressionforcesof approxi-
mately60 Ibs.,a repeatableangularresolutionof lessthan 5 _radianswas
realized.
Provisionwas made for varyingthe flow rate and gas mixturesthrougha
meteredmanifold. An appropriatemixtureof CO2, He and N2 flowedintothe
tubeat the anode and was extractedat the cathodeend.
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Figure 14. Length Tuning Assembly for Unstable Laser Resonator
Figure 15. Scraper Mirror Assembly for Unstable Resonator
B. Experimental Measurements
The test apparatus used to measure the gain as a function of radial
position, while operating as an amplifier, is illustrated in Figure 16.
(Gain is defined as the ratio of the power detected with the amplifier
discharge ONto the power detected with the discharge OFF.) A stabilized
oscillator with grating control to restrict operation to the P(20) transition
was used to generate a probe beam to excite the amplifier. After expansion
and collimation, the beamwas focused at the center of the gain region by
long focal length optics. Beamwidth of the entrance and exit beams (FWHM)
was designed to be 2.5 mm.
Synchronous translation stages were mechanized by using the same driving
electronics for both stepper motor units. By mounting a detector on one
unit and a mirror on the first stage, as shown in Figure 16, the probe beam
was tracked as it traversed the tube diameter. To evaluate the probe beam,
the input stage was held stationary with the beamcentered in the tube. With
a 0.I mmslit mounted on the detector, a translational scan of the output
stage yielded the intensity profile of the beamas it propagated through the
system. A plot of this probe beamprofile is shown in Figure 17.
During the small signal gain measurements, the intensity of the probe
beamwas kept below I00 mw. This yields an average power density of approxi-
mately 2 watts/cm 2, This is well below the saturation parameter of about
50 w/cm2.
Figures 18 and 19 are representative gain profile curves for the sealed
off and flowing gas modes of operation. Figure 20 shows one plot of tube
power vs pressure for flowing and sealed off systems at various excitation
currents.
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Figure 16. Apparatus for Measuring Radial Gain Profile
I 0
r_
i
0.9 lj '_i
!
. _
L0.8 , ,
!
f
O.7 : ,
! '
"_- 2.Star
i
0.6
j
c.-.
€_ aJ 0.5
_ "igure17. Gain MeasurementProbeBeam Profile.
i These data obtainedby scanningthe
> I I probe beam with an 0.5 mm slit and0.4
/ Indicatea half-powerwidth of 2.5 m_
j .0.3 'J
, 1I
,J l
o., .] \\
i , , , , I I , , , I , , a , I , , , , I , , i , lJ
0 5 10 15 20 25
Linear Displacement (mm)
IOM_ 30MA
'° _/_/__// _'°-.!.5 _
1.4 ......................... -='-_ _-_'_"_5._.=..
1.2
_klA 50MA
'" i/_. 1.0 _ " ---- ,, l_/
o.9 _ ------.._
.o,. I \io.z i0.6
O.5
0.4
FigureIB. SmallSignalGain vs PositionAcross Gain Tube Diameterfor Sealed-off
0.3 Conditions. These data collectedusing a gain mediummade up of a --
6:2:2 mixtureof He:CO_:N2 at an absolute )ressureof 7 torr. The
0.2 familyof curvesshow _:hesmall signal gain,as measuredwith a 92 mw
_robebeam, for differentvaluesof dischargecurrent.
o.1
.......J .. l ] l L t i
0.0 I , , I I | r i . , I , I i , I , , , , I , , , I
-15 -10 -5 0 5 10 15
RadialDisplacemelit(mm)
IOMA
1.5 _ ;o,,..,, / 3o,,,.,,
1.4 _ _€_.,_..._ -_-_ ______
o.
1.2 OMA ._
1.1 \ '\
c,opo 1.0 _ _ .........................................'"_ _ _ --_ _-- ---..t..,_ - "--,,_
0.9
o.8 \
0.7
0.6
0.5 I
f
0.4 I
03 Figure19. Small SignalGain vs PositionAcross Gain Tube Diameterfor Flowingm
Conditions.
0.2
0.! i
0.0 I I t , , I , , , , I , , , , , , , , I I , , , I , • , , l
-15 -i0 -5 0 5 I0 15
RADIALDISPLACEMENT(mm)
4O0
_- ._ I-"50me
_ 300 -."_'_I _
"' / 40 ma
200 ,_/_ __..,_.._ 50 ma SEALEr
/ "" 40 He: CO2j _ ma
....__ to..__------- 2: 1/ _ 30 ma
100 S._- _- _.----" .-----,---"--" 20 m_
0
0 3 6 9 12 15
PRESSURE,TORR
Figure 20, Pressure/Power Dependance for Flowing and Sealed-Off Operation
Whenaligned, typical output intensity distributions represented by
Figure 21 were observed in the near field of the aperture. Somenonuni-
formity is present, but does not degrade the system performance when used
in the phase lock system illustrated in Figure 22. For processing purposes,
a low power, stable resonator, laser was used as a reference oscillator.
The output was frequency shifted by the acousto-optic (A-O) modulator prior
to mixing with the unstable resonator output. The combination signal, when
focused on the detector, provides an offset frequency at the detector output
for analysis. The spectrum of this signal is shown in Figure 23 for both
short and long-term evaluation of relative frequency stability. As indi-
cated, the short term effect is about 200 KHz in 50 msec and, typically,
represents the control rate which the processor must provide to obtain phase
lock control. The long-term stability (_I.5 MHz/sec) sets a design goal
for the dynamic range of frequency adjustment which must be provided.
Figure 21. Intensity Distribution as Viewed in the
Near Field of the Aperture
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Figure 23. Spectrum of Heterodyne Signal to Evaluate
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Based on these data, the control loop (detector, processor, cavity
length control) was designed to implement the phase lock function.
Figure 24 represents typical results. As shown, the realtive phase
control between the heterodyne signal and reference oscillator is very
good with an rms error of less than 5 degrees. That is, the outputs of
each laser, operating at 1013 Hz, have been synchronized by active control
of the unstable resonator cavity. The effect is one of being able to
coherently add (temporally) the fields of each laser for power combination.
Previous tests were concerned only with stable resonators and the
ability to temporally and spatially combine beams. In summary, this
experiment established the feasibility of cavity control of an unstable
resonator for phase lock control. With this background data, the next
phase of the program was structured to evaluate the design factors
associated with control of the high power device.
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IV. NASALEWISHIGH POWERLASERCHARACTERISTICS
A. Introduction
Having established the phase lock operation of unstable resonator
cavities based upon the high power cavity parameters, the next issue in
question centered around the operational characteristics of the high power
device. Namely, does the operational environment of such a large scale
machine and the inherent properties associated with the fast flow medium
produce frequency instabilities beyond the control range of the servo
system? A series of tests was structured to address these issues. The
first investigation involved assessment of power fluctuations, line hopping
properties, frequency stability, etc. Only a short period of time was
available for this purpose, since other tests had been scheduled on the
machine. However, the data collected, when analyzed, indicated further
tests were warranted. Subsequently, a second series of characterization
tests were conducted later in an attempt to pin-point and isolate various
error sources. These tests and data are presented in this section and form
the basis for the design of the high power cavity length controller for the
servo control system.
All tests were conducted using the physical layout illustrated in
Figure 25. The high power beamwas directed to a closed room with appropriate
safety interlocks. The power was measured using a calorimeter designed to
accept the full power output. A small portion of the beamwas directed into
the shielded test room for detailed investigation.
The laser electrical discharge elements', anode and cathode, are,
respectively, a conducting plate approximately 1 meter long by 15 cm wide,
and a set of approximately 50 pins in each of 16 rows (see Figure 2). Cathode
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or "pin" currents are monitored via a 1 ohm resistor placed on the lower voltage
side of the discharge with a resistor for each pin row. (Not all of the
pin rows were operated during these tests.) Operators at the control
console can assess operation with these data.
Each time the laser was operated, it was pumpedout and recharged with
a fresh fill of gas, to a total pressure of 140 Torr in the ratio of 20 He,
7 N2 and l CO2. Any exceptions to this are noted in the specific data. As
the data were taken during a series of laser runs, the initial laser run
of each day was designated as Run #1 and is so marked in the following dis-
cussion. (Data were taken at laser powers in the range of 1 to 5 KW,with
a discharge current of 7 to 14 amps.)
B. Vibrational and Rotational Line Investigation
The first data recorded were observations of an IR optical spectrum
analyzer to determine the operational wavelength. The optical layout for
the test is shown in Figure 26. (The initial tests did not include the
Pb-Sn-Te detector and optics.) The data recorded in these tests are strip
chart records of the power meter output, the calorimeter output, and tabu-
lated data taken from observation of the IR spectrum analyzer.
The first run of each day was primarily to check out and calibrate the
test setup with no data recorded. From first observations, Runs 2 and 3,
it was noted that the laser operated predominately in the P20 line upper
vibrationalbranch (10.59_m), but after a periodof severalminutesof
operationor upon operatingat elevatedpin current(ll to 12 amps, as
opposedto 9 to lO amps),the laser outputbecameerratic,shiftingto the
lower vibrationalbranchand hoppingbetweenPl6 and Pl8 in that branch.
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On Runs 4 and 5 (Figure27),we introduceda chart recordof the power
meter output. Here, the erraticbehaviorof the laser is evidentas a
resultof eithersustainedoperationat low pin currentor as a resultof
increasingthe pin currentto the II to 12 amp region.
On Run 6, a recordof the calorimeteroutput for comparisonto that of
the power meter,and a recordof the pin current(Row 13),was included
in an attemptto find a correlationto the erraticbehaviorof the laser
at elevatedcurrentlevels. These are shown in Figure 28. The pin current,
at leaston Row 13, does not appearto be the cause of the erraticbehavior.
Since the power meter (Thermopile)responsewas unknown,an instrumentation
changewas made for the next seriesof data. The Pb-Sn-Tedetector,as
shown in Figure 26 was used. The responseof this deviceis known to be
in excessof lO MHz.
For the secondday of tests,the data recordingwas expandedin an
increasedeffortto determinethe cause of the previouslyobservederratic
laser behavior. Figures29 and 30 are again strip chart recordingsof pin
current,calorimeteroutput,powermeter output,and the Pb-Sn-Te,true
}.
rms meter output. Figure31 is a seriesof oscillogramsof the outputof the
Pb-Sn-Tedetector. A 30 Hz tone is apparentin the detectoroutput,along
with a significanthigh frequencynoiseaccompanyingit.
In a furthereffort to identifythe natureof the "noise,"the fast
detectorwas mountedupon the IR spectrumanalyzer,such that it viewed
only the radiationof the P20 line position(I0.59_m). Oscillogramstaken
during Run #3 are shown in Figure32. The upper trace is the directoutput
of the detector;the lowertrace is the low frequencyspectrumanalyzer
response. The noteworthyaspectof the comparisonof this recordand that
of the oscillogramsin Figure31 are that the high frequencynoise is absent.
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Figure 27. Power Heter Output for Runs #4 and #5, 3/24/77 (Chart Speed: I" = 40 sic)
Figure 28. Power rleter, Pin Current, and Calorimeter Output for Run #6
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As the testing progressed, one postulation was that the cause
for the erratic behavior was a result of "poisoning" of the gas. This
postulation could fit both observed conditions, i.e., high pin current level
or long run time. Attempting to confirm this postulation on Run #4,
3/25/77, the pin current level was raised to force the erratic behavior and
then lowered. As can be seen in Figure 33, after operating at a high enough
pin current level to produce erratic behavior, when the current was lowered,
the erratic behavior stopped, and, as can be seen in the upper trace (true
rms meter output coupled with Pb-Sn-Te detector-amplifier) and the noise
level continued to fall after the major erratic behavior stopped. This
latter effect was more indicative of a thermal effect, rather than poisoning
of the gas which would imply a permanent effect.
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Figure33. Chart Recordof Detectors,PowerMeters,and Pin Current
Monitor. Chart Speed: l" - 60 sec.
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These data terminated the investigation of the vibrational-rotational
line behavior. Although not all of the behavior was fully understood (or
could be explained), it was agreed by both Rockwell and NASAPersonnel
to move on to the second area of investigation.
C. Heterodyne Tests
The second phase of this experimental program was dedicated to per-
forming teststoascertain the frequency stability of the laser. Given
that the laser will operate in a single rotational line, a measurement
of the relative frequency between two lasers is of interest. To do this,
the laser was heterodyned with a known source and the beat note was observed.
i .
In this_instance, the "known source" is a stabilized laser which is sealed
off, has a stable resonator, and a grating for line control. The stability
is given conservatively as
Short term _+20 KHzat zero to I00 Hz
Long Term -+ 5 MHzat zero to 0.I Hz
Figure 34 shows an optical schematic of the test room. During the initial
beat note tests, the fast power monitor was not utilized. Realizing
the poor response of the thermopile power monitor could allow significant short
timetransient effects to occur undetected, the fast power monitor was added.
o
. °
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The output of the Hg-Cd-Te detector was coupled to a fast oscillo-
scope, Tektronix Model 7904 (DC - 500 MHz) and one of two electronic
spectrum analyzers: HP Model 141T, 0.I to II0 MHz, or Tektronix plug-in,
0.I to 1800 MHz. Both of these units have a minimum dispersion of less
than I00 Hz per division. A dispersion of I00 KHzwas the least dispersion
at which data were recorded.
The anticipated line width of the HEL (operating pressure = 140 Torr)
is of the order of 450 MHz (HWHM). Consequently, if this laser is operating
to one side of line center, the beat frequency could be as great as 500 MHz
(the low power laser has a line width of 75 MHz HWHM). Therefore, to
monitor the beat note we selected the Hg-Cd-Te detector, BW> 500 MHzand
employed a bias circuit and amplifier combination resulting in an overall
bandwidth of 500 MHz. Figure 35 shows schematically the circuit employed
with the Hg-Cd-Te detectOr.
•---'-'_-+ 15 +15 v
IK
. pf ..
-.=- Arantee Model
: ! UTA9463B
Hg-Cd-Te • -.
Detector 6 v 30
5 MHz-500 MHz
Figure 35. Beat Detector Amplifier and Bias Circuit
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The first four runs of the laser were used in completing alignment of
the system to verify detector operation. On the fourth run, a beat was
observed and data recorded. Figure 36 shows the chart record of the
calorimeter and pin current (the calibration on these charts was unchanged),
in addition to an oscillogram of the beat signal. The beat note was in the
range of 25 to 40 MHzwith considerable FMing of the signal. The appear-
ance of the beat signal appears sporadic. In Figures 37 and 38 are
oscillograms, a spectrum analyzer trace and chart records of the fifth and
sixth runs. It is evident that considerable FMing of the signal is present
in the oscillogram. The spectrum analyzer does not show the FMing due to a
very high sweep rate (I ms/div). The frequency of the beat is _ 30 MHz.
After introducing the fast power monitor (i.e., the Pb-Sn-Te detector),
the data shown in Figure 39 were recorded. With this change in instrumen-
tation, oscillograms of the beat note and fast power monitor were made (see
Figure 40), in addition to spectrum analyzer traces of the beat signal, as
seen in Figure 41.
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Dispersion 2 MHz/div, Run #1, 3/29/77
From analysis of these data, it appears that the FM had two driving
functions; one about 6 Hz, the other was spread over the band 200-500 Hz.
The 200-500 Hz rate produced a frequency deviation 2 MHzwide, while the
6 Hz appeared to be spread over _ 3.5 MHz. The result of many spectrum
analyzer sweeps therefore produced a 5.5 MHzspread. Attempts to correlate
the 200-500 Hz FM rate to power fluctuations (360 Hz) were inconclusive.
The cause of this FMremains unknown.
D. Summaryand Conclusions
The performance of the LeRC HEL laser was examined to determine
(I) if a high energy unstable resonator laser will operate in a single
rotational line, and (2) the degree of stability of that line.
The initial tests demonstrated that indeed the laser operated in a single
line (00°I - I0°0, P20 - 10.59 um), but only at lower discharge current values
(below I0 amperes), and when operating above I0 amperes, the laser
became unstable after several minutes of operation. The laser instability
was marked in two ways: (I) the output power fluctuated erratically, and
(2) there was a shift in the operating line from 00°I - I0°I, P20 to
00°I - 02°0 (9.3 um), where it hopped between the PI6 and PI8 lines.
In other tests the laser was unstable at the beginning of an operating
run and then stabilized without any discharge current adjustments. The
postulation that the instability was due to poisoning of the gas at high
operating currents was refuted by raising the current to cause the insta-
bility, then lowering it, whereupon the laser again becamestable.
By using a Mach-Zender interferometer with one branch, including
the plasma region to monitor optical path length changes of the resonator
cavity, it was concluded that the instability observed was the result of
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an alteration in the cavity alignment, primarily as a result of the dis-
charge current. Upon making alignment adjustments to the cavity at the
higher discharge current levels (11-13 amps), the laser operation was
steady in the P20 (10.59 um) line. The nature of the cause for the cavity
misalignment, whether a direct effect of increased current in the gas or
secondary thermal effect upon the cavity, is unknown.
Also, during the second test phase, the beat note between the HEL laser
and a stable local oscillator laser was observed and analyzed. After making
the necessary cavity mirror alignment adjustments to produce stable operation
of the laser, the envelope of the beat signal was found to be constant.
Analysis of the beat note spectra resulted in the following estimates re-
garding the frequency stability of the beat note:
I. 2 MHzof frequency deviation @200-500 Hz rate
2. 3.5 MHzof frequency deviation @6 Hz rate.
These data represent an assessment of cavity quality and operational
stability of the high power system. The servo system to adjust cavity
length must be capable of responding to these rates with sufficient mirror
movement to accommodate the frequency deviations. As such, these results
were used to design the cavity mirror element described in the following
discussion.
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V. HIGHPOWERCAVITYLENGTHTUNER
A. Background
The results of the frequency stability measurements performed at NASA
LeRCsuggested that, in order to phase control the LeRC laser adequately,
a specially designed cavity length tuner must be fabricated. Specifically,
it must be capable of changing the cavity length by as much as 0.5 um at
KHz rates to satisfythe condition,AL _ L AfAt f At' where L is the cavitylength,
Af
f is the laser frequency,and _is the inherentfrequencyinstabilityof
the laser. Rigidityand dynamic-rangerequirementssuggestedthat such
a cavity lengthtuner can best be realizedby sandwichinga voltage-
controlledpiezoelectricdisk betweenthe smallercavitymirrorand a
heavybackup plate. Such a cavitylengthtunerwas designed,fabricated
and successfullyapplied,althoughthe taskwas by no means straightforward,
since the ratherheavy mirror (_ 0.5 Ibs)must be cooledduringoperation.
Detailsof this cavitylengthtuner are discussedbelow.
B. GeneralDescription
The photographof Figure42 shows the laser cavitycontrolmechanism
to which the cavitylengthtuner for phase lockingis attached. The piezo-
electricdisk, which is sandwichedbetweenthe mirrorand the two cascaded
backupplates,changesthe cavitylengthby displacingthe mirrorwhen a
signalvoltageis appliedto its terminalleads. The two backupplatesare
much heavierthan the mirrorand are physicallyisolatedfrom each other by
rubbergaskets. This providessufficientrigidityand tendsto minimize
resonantvibrations.
65
g r a p h  of Cavity Length Tuner 
- - 
- 
Since a significant amount of energy is absorbed by the mirror during
laser operation, the mirror itself must be cooled in order to avoid de-
formation of the surface. Here, cooling is accomplished by flowing water
to the interior of the mirror via the two metallic tubes shown in Figure 42.
The details of the cooling mechanism can best be discussed with reference
to both Figures 42 and 43. The interior of the mirror is illustrated in
Figure 43, which consists of a spiral-channel structure designed for maximum
cooling at minimum flow-rate. Two holes are drilled through the piezoelectric
disk, allowing water to flow to and from the _rror interior via channels
inside the front backup plate. Both holes are insulated to prevent water
seeping into the piezoelectric material. The purpose of the spiral-channel
is to maximize the area of contact with the cooling fluid.
C. Calculations
I. Absorbed Power
Power absorption results in heat which must be conducted away
to prevent system performance degradation. For the LeRCcavity configuration,
which is positive branch confocal, the average internal power, Pi' is
approximately given by
M2
Pi = _I Po' (I)
where M is the cavity magnification and Po is the average output power. For
Po : I0 kw and M = 1.257, the internal power is calculated to be about 27 kw.
The maximumintensity, Imax, incident upon the mirror surface is therefore
approximately
2
Imax - _ d2/4 (Pi - Po) = 4 kw/cm2, (2)
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Figure 43. Two-ViewDrawingShowingInteriorof Mirror
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where d = 3.28 cm, the mirror diameter. The reflectivity of the copper
mirror is close to 99%, and so the heat generated (or absorbed power) to be
conducted away is about 350 watts.
2. Temperature Rise and Mirror Cooling
Since the beamprofile is not uniform, absorption of the energy
results in a non-uniform temperature distribution on the mirror surface.
Such a temperature distribution induces surface distortion; therefore, the
heat generated must be conducted away.
Cooling of the mirror may be discussed with reference to the
following equation:
Pa = hA(TM - TF)" (3)
In Eq. (3), Pa is the power absorbed (or the heat generated); TM and TF are,
respectively, the temperature of the mirror and the cooling fluid; h is the
coefficient of heat transfer, which varies between about 5,000 to 50,000
watts/M 2 °C, depending upon the flow rate and the surface roughness; A is the
total area in direct contact with the flowing fluid.
The present configuration was designed to operate at a water tempera-
ture of 2°C and a flow rate ofl.26xlO-4M3/sec. In particular, it was designed
to limit the mirror temperature to no more than 2.5°C above its normal
operating temperature, even for an absorbed power considerably greater than
the 350 watts specified.
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D. Experimental Tests
The cavity length tuner was experimentally tested for frequency response,
as well as for stability as a function of flow rate. Two low power
CO2 lasers were used in the experiments; however, one of the lasers was
modified in that its back mirror was replaced by the cavity length tuner.
A photograph of the experimental .setup is given in Figure 44.
Figure 44. Experimental Setup for Evaluation of Cavity Length Tuner
7O
The initial test was performed to evaluate the frequency response of
the cavity length tuner. For this test, the tuner was driven by a sweep
generator at constant output, resulting in frequency, or cavity length,
tuning of the modified laser. The frequency response was determined from
the frequency spread of the beat signal of the two lasers. Figure 45
shows the normalized frequency response as a function of the drive frequency.
Wesee that the useful bandwidth is limited by the resonance at about 9 KHz.
However, bandwidth improvement can usually be realized by more elaborate
design,if required. For frequenciesbelow about 9 KHz, the fractional
cavitylengthchangeper unitdrive voltageis about lO-9/volt. For a
cavitylengthof two meters,half a micronchangewould thereforerequire
about 250 volts.
Since the cavitylengthtunerwas designedto operatewith a flow rate
up to .126_/sec,a test was undertakento investigatethe effectof water
flow on the stabilityof the tuner under phase-lockedcondition.
Initially,the two laserswere phase-lockedat zero flow rate (i.e.,
no water flowing). The flow ratewas subsequentlyincreasedand varied
up to .126_/secat incrementsof about .03 _/sec. Noticeablephasejitters
were presentat rates exceedingabout O.l _/sec. In all cases,however,
the lasersremainedlocked.
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Figure 45. Frequency Responseof Cavity Length Tuner
Vl. NASALEWISHIGHPOWERPHASELOCKTESTS
A. Introduction
With the design and fabrication of the water-cooled mirror for cavity
length control, the next phase of the program addressed the problems
associated with phase lock control of the high power cavity. The mirror
was installed and the laser operated at a high power level to ensure the
operation was the sameas with a fixed mirror. Having accomplished this
goal, numerous tests were conducted over a cumulative three-week period of
time. To ascertain the loop control requirements with the control mirror
in place, the first sequence of tests involved the phase lock of a low power
cavity to the high power unstable resonator. The control signals represent
a demodulation of all perturbation effects and identified new sources of
error for the single channel tests performed.
The tests then proceeded to an evaluation of intercavity effects with
two channels in operation. Amongthe parameters measured were: amplitude
stability, frequency stability, and polarization effects. With these data
as background, phase lock control of the high power cavity was attempted.
To achieve the phase lock condition, it was necessary to augment the control
process with a wide bandwidth control unit in the low power laser. However,
phase lock was achieved and the results indicated the necessary improvements
in the mirror design necessary for unaugmented operation.
The following discussion briefly addresses these areas. As in all research
effort, numerous trials were made to establish the operational concept. Only
the most important data are reported.
All tests were conducted with the optical configuration of Figure 46, where
a small fraction of each HEL beamwas directed to heterodyne instrumentation
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Figure 46. Heterodyne Phase Lock Test System (Simplified)
shown. Analyzers were necessary to determine the effects of polarization
and are not required for phase lock operation. Processing signals El and
E2 represent the information necessary for servo control.
B. Single Channel Phase Lock Tests
As mentioned previously, the first series of tests were conducted to
establish the fact that the output of the high power device could be locked
to a low power system, i.e., the frequency behavior of the device was such
as to not preclude the possibility of phase lock control. The system for
accomplishing this has been designated as a dual channel control configura-
tion (Figure 47), based on a cross-over servo principle. A brief discussion
of this instrumentation is necessary to explain the data to follow.
In this system, designed for a noisy environment, the "cross-over pro-
cessing signal is divided into low-pass and high-pass channels. The low
range of frequencies is filtered to drive a piezo-element having sufficient
movement to tune the cavity through one free spectral range. Thus, correction
is made for perturbations such as thermal drift which require a large dynamic
range. The high-pass channel is processed and applied to an intracavity
electro-optic phase modulator. Active phase control with response from DC
to over I00 KHz is thus obtained.
To characterize operation from a control system anlaysis, consider the
closed-loop of Figure 48.
F(s) and G(s) representfilterfunctionswhich conditionthe signalprior
to applicationto Tl(S) [piezo]and T2(s) [E-OModulator]. For frequency(phase)
controlof a laser,the followingrelationshipapplies:
=+2 (au)dt =-2x T {_L)dt,
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where L : the cavitylength
= laser frequency,and
@o = output phase variable.
In LaPlacenotation,
@o(S) _ 2xu &L(s) where S is the complexquantity_ + im.L S '
Since the functionwe wish to reduceto zero is the differencein phase (_)
betweenthe input and output:
= ¢i(s) - @o(S)
= ¢i(s) 2_ z_L(s) (s) - Kl AL(s)L S-- = _i --S....
Kl
= @i(s) - --_[CiTl(S)+ c2T2(s)]
Kl
= @i(s) - _[_ F(s) Tl(s ) + _ G(s) T2(s)],
21iv
where Kl is defined as L
This becomes, then,
s _i(s)
_(s)=
S + KI[F(s) TI(S) + G(s) T2(s)]
Since we desire the steadystate phaseerror to approachzero, that is,
iim _(t) . 0
t._
from the final value theorem
S2 ¢i(s)
lim S_(s) = lim = O.
S+O S+O S + KI[F(s)Tl(s) + G(s) T2(s)]
77
Choosingthe referenceas an oscillatorof frequency'"o'
mO
_i(s)= s--_
and
_o0lim =
S + KI[F(s ) TI(S ) + G(s) T2(s)_ O.
The necessary form of the filter/transfer function to achieve a steady state
error of zero can be specified as
LS+ a_(S-:-b) ....
F(s) TI(S ) + G(s) T2(s ) = SS_c_S-_--d_
Circuitwise (for no noise perturbations), the overall control network is,
then,
F(s)
_=_ Fl(s)_Piezo_-----o S1
G(S)
'"E-O '
GI(S) -_MODULATOR_-'-O $2
Figure 49.. Cross-Over Network for Phase Lock Control
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where KI, K2 and K3 are adjustable gain functions and Fl(S) and Gl(S)
represent the appropriate response function. S1 and S2 are signals which
represent demodulated outputs of each channel and are the means for
evaluating the system under test.
Using this approach with the processing signal developed by heterodyning
HEL 1 with the low power device, the first test sequence resulted in phase
lock operation, as illustrated by the data of Figure 50(a). The control
signal, when compared to the reference signal, shows very little phase
instability indicating a high quality lock. The piezo control (SI) and E-O
modulator ($2) signals indicate sharing in the control function. Of
note is the low frequency content of the signals. No high frequency pertur-
bations are indicated. This corresponds to a "well-behaved" heterodyne
beat of Figure 50{b) having a spread of about 5 MHzat the corresponding
perturbation rates.
Prior to the second sequence of tests, the prime power supply to the
HEL experienced a catastrophic failure. Whenbrought back on line, the
demodulated signal spectrum (rate of FM-ing) exhibited the characteristics
shown in Figure 51 (a). As indicated, a large frequency content corresponding
to 120 Hz is evident with some frequency content extending to 500 Hz (no
higher frequencies existed).
Since a 120 Hz signal is normally indicative of power supply ripple, a
high voltage probe was convected to the anode of the plasma region. Figure
51(b) indicates about 50 Vp_p of ripple is present. The spectrum of this
signal _I (c)) shows the fundamental and third harmonic content. When
compared to the spectrum of the demodulated heterodyne signal used for
processing, it is evident that the 120 Hz has a major effect upon the laser
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S2 - E-O CONTROLSIGNAL
5 mSEC/DIV
(a)
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(UNLOCKED)
2 MHz/DIV
CENTERFREQUENCY- I0 MHz
(b)
Figure 50. Phase Lock Control Signals
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LINEAR SCALE
Figure 51. Effectof Power Supply Ripple
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characteristics. The induced frequency deviation at the 120 Hz rate was
measured in excess of I0 MHzand exceeded the capture bandwidth of the phase
lock electronics. Also to be noted is the absence of any induced modulation
at the 360 Hz harmonic.
With these data available, the first series of tests were concluded.
Successful locking of the low-power/high-power laser combination had been
demonstrated. Extension of the experiments to control of the high power
cavity was delayed until the ripple present on the power supply could be
reduced.
C. Cavity Interaction Tests
Prior to the second series of phase lock tests, NASApersonnel were succes-
ful in reducing the amount of ripple appearing at the anode of the discharge
section. With the device lasing, the reduction was an order of magnitude,
as shown in Figure 52, The spectrum of frequencies now shows not only the
reduction in ripple, but illustrates the relative contribution of "noise"
from sources other than the 120 Hz and 360 Hz residuals. In all likelihood,
this "noise" can be attributed to current variations in the multiple pin
discharge system. Of particular note is the low frequency content and the
fact that all variations appear to be less than 500 Hz. (Demodulated lock
signals seem to be correlated to this spectrum.)
Before attempting a multiple channel lock at this time, tests wereccon-
ducted to determine: (I) the sensitivity of the output polarization to mirror
alignment, and (2) intercavity effects from channel to adjacent channel.
These experiments yielded several expected and unexpected results.
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(a) POWERSUPPLYRIPPLEAT
ANODE (Xl000 PROBE)
5 V/DIV
(b) SPECTRUMOF RIPPLE
DISPERSION- 50 Hz/DIV
RESOLUTION- 10 Hz
LINEAR SCALE
Fig. 52. Power Supply Ripple (Filtered)
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As presently configured, the laser does not incorporate into the cavity
an element to produce a preferred plane of polarization. The state of
polarization is determined by various "defects" in the optics and mirror
alignment conditions. Since the ability to phase lock lasers depends upon
heterodyne processing, the polarization should remain constantly aligned
with the local oscillator for the best results. To evaluate each channel,
the planes of polarization for each channel were monitored as shown in
Figure 53.
The Ge flat was oriented at Brewster's angle to effectively separate
the output planes of polarization as seen by the detectors. Typical of
the results are those shown in Figure 54. As indicated, the polarization
is very critically dependent upon small alignment changes. Nearly a complete
change in polarization from vertical to horizontal is shown. This result
is not too surprising, in that the cavity is not designed with polarization
elements. However, also shown is the periodic nature of the output power.
With the reference level indicating no output, a 30 Hz pulse of I0 msec
duration is indicated. This anomaly disappeared when the gas blower speed
(30 rev/sec) was reduced to about 23 rev/sec and can only be attributed to
a mechanical resonance in the cavity structure. Once discovered, subsequent
tests were conducted at the reduced speed to ensure a continuous output.
To evaluate intercavity effects, the horizontal planes of polarization
of two channels were then monitored. Figure 55 is typical of the results.
Two features are significant. First, the output of Channel 1 is reasonably
steady at the kilowatt level and does not fluctuate. Channel 2, which is
located on the downstream side of Channel I, exhibited a reduced output with
significant fluctuations in power. Current excitation to this channel was
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Figure 53. Polarization Instrumentation
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Figure 54. Polarization Tests - Channell
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Figure 55. Polarization Tests Channel Interaction
approximately that applied to Channel I. The reasons for the differences
are a subject for design tradeoff and evaluation. The key issue here is
that no discernible interaction from cavity to cavity could be detected.
That is, it is reasonable to expect that each cavity in the commonflow
field functions independently of each other and frequency control of each
cavity is possible with independent signal processors. Having established
this fact, tests were then conducted to demonstrate phase lock control of
Channel I.
D. Multiple Channel Phase Lock Tests
The final test sequence was conducted to evaluate the cavity control
which could be expected with the water cooled, piezo driven mirror. Figure
56 illustrates the basic optical/electronic system. With the necessary
alignment for polarization, the offset heterodyne signal available at the
detector was processed and applied to the control mirror. Due to the dynamic
range and the perturbation rates present in the system, phase lock could not
be established in this configuration. However, the control system had
enough bandwidth to realize a "frequency" lock, as shown in Figure 57
Here, the processing signal has been narrowed from about a I0 MHzspread
in the uncontrolled mode to about 1MHz. This clearly established that the
mirror system was functioning, but the errors introduced by the system
exceeded control limits.
To assess the character of the inherent perturbations, the error signal
spectrum was monitored (Figure 58). Several features are of note. First,
there appears to be a strong perturbation source at 30 Hz. Based on previous
data, a strong correlation to a component vibration (resonance) driven by the
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blower at 30 cps is suspected. However, given the low frequency content
and with the known mirror response, total compensation by the control loop
is to be expected.
Second, the mirror appears to be responding out to about 450 Hz with a
significant contribution apparent at 250 Hz. However, previous data again
indicate that significant perturbations are present in the system at 450 Hz.
Since phase lock operation requires a "total" compensation of all error
sources, any deficiency in response causes the system to "slip" cycles.
This appears to be the case in this instance; not enough control bandwidth.
To evaluate the amount of improvement required in the mirror response,
the test system was modified to that shown in Figure 59. With this hybrid
system technique, wide band response is furnished by the E-O modulator to
maintain the relative frequency between lasers in lock with an external
reference (part of the processor).
The test procedure, in this case, is to establish the system in a phase
lock mode and monitor the error signals to each control element. With a
known response factor for each part of the system, the relative contribution
from each is readily calculable.
Whenbrought up to operational power levels, the system performed as
described. Complete phase lock was established, as shown by Figure 60.
The heterodyne signal was limited by the digital processor and compared to
the external reference. Very little phase jitter is present, as a result
of the additional response provided by the E-O modulator. Comparison of
the piezo and E-O control signals illustrates the high frequency content
of the E-O signal necessary for the phase lock condition. The relative
contribution can be ascertained from the independent spectra of both control
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Figure 59. Phase Lock Tests HEL to Low Power Reference
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Figure 60. Phase Lock Tests HEL Locked to Low Power Laser
signals. Consider the spectrum of the HEL mirror control signal of
Figure 61. Whencompared with the frequency lock spectrum of Figure 58,
qualitatively, there does not appear to be any significant differences.
This leads to the conclusion that the higher frequencies are compensated
by the E-O modulator as the means of achieving the phase lock condition.
In terms of frequency deviations present in the two-meter cavity, the
4 v rms piezo signal at 250 Hz corresponds to a frequency spread of about
33 KHz. The contribution of the E-O modulator/cavity control signal is
about 90 KHz at 250 Hz (see Figure 62). Thus, a significant portion of
the control function has been "picked-up" by the wide band system. This
is further accentuated at frequencies approaching 500 Hz.
93
2 V RMS/DIV
I i I I i I
0 100 200 300 400 600
Hz
Figure 61. Phase Lock Tests Spectrumof HEL Mirror Signals
lO V RMS/DIV
CAVITYSENSITIVITY- 800 Hz/VOLT
i I I I I I
0 100 200 300 400 500
Hz
Figure 62. Phase Lock Tests Spectrum of E-O Signal
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In summary, these final sequence of tests conclusively demonstrate the
viability of generating high power outputs through use of phase control
technology. Control of the present system is limited by the response
(bandwidth) of the movable cavity mirror. Time did not permit the
redesign of the present mirror for extended response. As an alternative,
elimination of the basic error sources within the system may permit operation
with the present design. In either case, the results show the high power
system to be within the realm of complete phase control.
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VII. CONCLUSIONS
Previous to this program, studies were conducted to assess the feasi-
bility of delivering substantial quantities (5 Mw) of power to satellites
from a ground-based station. Four candidate systems were considered and
one, a multielement array of phase locked laser oscillators, was selected
for detailed analysis (NASACR-134952). The principal conclusion of that
study was that a system for transmitting large amounts of power to satellites
can be developed to operate with reasonable efficiency using, for the most
part, components and devices which are reasonable extensions of the state
of the art.
This program has been directed toward answering some of the basic issues
which arise in mechanizing an array of high power laser oscillators. The
basic tool for answering some of the operational questions has been the
closed-cycle, multiple channel, electrical discharge laser (EDL) with un-
stable resonator optics situated at the NASALewis Research Center. Among
the topics which have been addressed are:
I. Phase lock operation of unstable resonators.
2. Frequency characteristics of the LeRCHEL.
3. Power/polarization characteristics of the LeRCHEL.
4. Multiple cavity interaction.
5. Analysis and design of a piezo-driven, water-cooled mirror, and
6. Phase lock operation of one channel of the LeRCHEL.
Initial tests conducted with low power unstable resonator optics demon-
strated that previously developed control techniques were applicable. The
phase of two resonators were locked to about 5 o rms and formed the basis
for design of the LeRCHEL processing system.
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Additional data were collected to characterize the operational limi-
I
tations imposed by the high power system. These data show the NASAlaser
to be a well designed device suitable for phase lock operation. As is to
be expected with a system of this magnitude, various perturbations are
present which can degrade loop performance.
Phase lock operation by cavity length control, based on a water-cooled,
piezo-driven mirror, has been demonstrated when augmented with a wideband
control loop. The aforementioned error sources and/or the limited mirror
response lead to this mode of operation. However, with engineering, the
effect of both these limitations can be overcome and neither detracts in
any way from the proof of concept demonstration. Extension to a multiple
channel system can be considered as a viable technique.
To pursue this program further, it is recommendedthat both additional
component and system developments be considered. At the component level,
as mentioned previously, a mirror possessing more bandwidth is desirable.
One feature to incorporate into the design of such a unit would be the
means of providing a polarized output. Alignment sensitivity would then be
eliminated as a possible error source in the processing algorithm.
At the system level, it is necessary, at this time, to bring all channels
of the system up to full power. In that way, any cavity interactions which
might be present in the total system could be evaluated (e.g., effects of
reduced down-stream gain). At the sametime, isolation of mechanical per-.,..
turbatiÙns due to the blower drive can be considered. The observed effect
of power/frequency fluctuations can then be eliminated.
.i
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With thesemodifications,the testingprogramcan proceedto a full
power evaluation. Phasedarray operationthroughthe atmospherewith
compensationfor turbulencecan be implementedbased on techniqueswhich
have alreadybeen demonstrated.Such a programis recommendedat this time.
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